Introduction
============

Nanoparticles (NPs) are found in numerous household items and are manufactured in large quantities worldwide.[@b1-ijn-9-217] Recently increased exposures to NPs through cosmetics, medicine, and food products may have direct influences on human health and life. However, all known NPs and their impacts on human health are yet to be compiled.

Zinc oxide (ZnO) NPs are exceedingly common in numerous products, such as adhesives, batteries, ceramics, cosmetics, cement, ferrites, glass, lubricants, ointments, paints, pigments, sealants, tire rubber, and supplementary foods. Recently, ZnO NPs were also employed in diverse products for applications in biosensors, cell imaging, drugs, and nanomedicine.[@b2-ijn-9-217] Previous trials with NPs indicated that they could be absorbed through the skin, respiratory tract, or intestine in daily life; moreover, significant accumulations were found in tissues, including lung, kidney, and liver.[@b3-ijn-9-217] Circulating NPs could interact with diverse biological molecules in blood and specific tissues, such as the lymph nodes, pancreas, and other glandular bodies for causing toxic effects.

Several studies reported the cytotoxicity of ZnO NPs in various cell lines in vitro. For example, after an exposure of ZnO NPs (50 μg/mL), human aortic endothelial cells exhibited approximately 50% cell death.[@b4-ijn-9-217] All human mesothelioma and rodent fibroblasts cells died after an exposure to ZnO NPs (19 nm in size at 15 μg/mL).[@b5-ijn-9-217] Gene expressions were altered after exposure to NPs in in vitro and in vivo experiments.[@b6-ijn-9-217],[@b7-ijn-9-217] Moreover, ZnO NPs induced slight cytotoxic effects to human T-cells at 5 mM, and strong toxic effects towards human cancer T-cells.[@b8-ijn-9-217],[@b9-ijn-9-217] In cases of dermal exposures, ZnO NPs did not induce any skin irritation, but they induced phototoxicity.[@b10-ijn-9-217] Other studies suggested a potential link between neurodegenerative diseases and the neurotoxic effects of ZnO.[@b11-ijn-9-217] In mouse neuroblastoma cells, ZnO NPs (50 nm in size at 50 μg/mL) caused 50% cell death.[@b12-ijn-9-217] Moreover, ZnO NPs decreased the cell viability of human neural cells by 50% and also induced apoptosis of neural stem cells.[@b13-ijn-9-217],[@b14-ijn-9-217] Finally, silver, copper, or aluminum NPs approximately 50--60 nm in size were able to disrupt the blood-brain barrier (BBB) of an in vivo system and aggravate the brain pathology, suggesting that these NPs may have disrupted BBB directly and penetrated into the brain.[@b15-ijn-9-217]

Recently, the physicochemical properties of NPs, such as surface charge, size, shape, hydrophobicity, and catalytic activity, were considered with regard to their deterministic influences towards nanotoxicity. The toxic profiles of NPs seemed to vary according to their physicochemical properties, such as surface charge, size, and shape; NPs of 20 nm in size revealed higher toxicity than larger sized NPs.[@b16-ijn-9-217]--[@b18-ijn-9-217] Hence, the problem of in vitro methods in nanotoxicity assessment have been widely discussed, as the various features of NPs may interfere with assay components or even with the detection systems.[@b19-ijn-9-217] For the above reasons, it was necessary that the properties of the NPs should be characterized in detail before assessing their toxicity. Furthermore, the assessment should be performed independently according to the physicochemical properties of the NPs. Interestingly, recent studies showed that physicochemical properties of NPs could be altered by different surrounding conditions, such as different buffers as well as blood and cell culture media. In other words, the toxicity of NPs could be affected by changes in surface chemistry or through agglomeration with other NPs in cell culture media.[@b20-ijn-9-217] These influences on NPs from the surrounding media supports the similar view that the properties of NPs could be altered via agglomeration or from interactions with other proteins upon circulation, which could vary depending on the individual's age, sex, tissue type, as well as the specific biological activities of the proteins. The interactions between NPs and proteins could lead to altered protein--protein/ligand responses. For example, silica NPs may disrupt the enzyme activity through unfolding of critical regions.[@b21-ijn-9-217] Moreover, NPs may enhance protein fibrillation, causing many diseases such as Alzheimer's disease and dialysis-related amyloidosis.[@b22-ijn-9-217] In order to understand the physicochemical properties of ZnO NPs in the blood stream, those bound proteins or protein coronas onto the surface of ZnO NPs should be identified and characterized for their properties and roles with regard to NPs, and their pathways and toxicological mechanisms should be estimated.

In this paper, both cationic and anionic ZnO NPs of two different sizes (20 and 100 nm), ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^ and ZnO^AE100(+)^, were used to assess bound proteins in blood plasma and brain for their potential role(s) and perturbations in various biological activities by surface modifications.

Material and methods
====================

Preparation of nanoparticles
----------------------------

ZnO NPs, ZnO^SM20(−)^, ZnO^SM20(+)^, ZnO^AE100(−)^ and ZnO^AE100(+)^, were chosen to represent charge and size effects of nanoparticles, as suggested by KFDA (Ministry of Food and Drug Safety) for toxicological reports to OECD (Organisation of Economic Co-operation and Development). The reasons for the selection of ZnO NPs and their characterizations are discussed in the other manuscripts in the supplement issue.[@b23-ijn-9-217] Different sizes of ZnO nanomaterial were purchased from Sumitomo Osaka Cement Co, Ltd (Lot number 141319 for 20 nm) (Tokyo, Japan) and American Elements (Lot number 1871511079-673 for 100 nm) (Los Angeles, CA, USA). The surface charge of the ZnO NPs was modified with citrate (for negative charge), and L-serine (for positive charge), as reported previously.[@b23-ijn-9-217] The physicochemical properties were verified, including average size, morphology, and zeta potential.[@b23-ijn-9-217]

Plasma and brain homogenate preparation
---------------------------------------

Rat plasma samples were collected in a sodium/heparin anticoagulant tube to prevent blood clotting and were centrifuged for 30 minutes at 850×*g* to separate the plasma from blood cells. The supernatant (plasma) was transferred, aliquoted, and stored at −80°C.

Whole brain was obtained from adult rat immediately after euthanasia. For immunohistochemistry, the left hemisphere of the brain was stored in formalin at 4°C. For brain homogenate (BH), the right hemisphere of the brain was homogenized with phosphate buffered saline and ceramic beads with Hybaid RiboLyser (Hybaid Ltd., Ashford, UK) to make a 10% (w/v) solution, and aliquoted into 2 mL tubes. Afterwards, the BH was centrifuged to remove any large particulates and the supernatant was stored at −80°C.

Incubation of ZnO NPs with the plasma and BH
--------------------------------------------

ZnO^SM20(+)^ and ZnO^AE100(+)^ were diluted in L-Serine/(4- (2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer (10% L-Serine, 20 mM HEPES; pH 6.2). ZnO^SM20(−)^ and ZnO^AE100(−)^ were diluted in citrate/HEPES (10% sodium citrate, 20 mM HEPES; pH 7.3). The stated solutions were centrifuged for 10 minutes at 10,000 rpm, and the supernatant was removed. Rat plasma or BH was added and the solutions were incubated for 1 hour at 37°C. After incubation, the solution was centrifuged for 10 minutes at 10,000 rpm then washed (3 times) with 1 mL phosphate buffered saline. Afterwards, the bound proteins on the ZnO NPs were analyzed using liquid chromatography--mass spectroscopy/mass spectroscopy (LC--MS/MS) with the method described in previous report (Kyu Hwan Shim, personal communication, 2014). LC--MS/MS was performed by Diatech Korea Co, Ltd (Seoul, South Korea). In brief, bound proteins were eluted by boiling the solution, and then digested in sodium dodecyl sulphate polyacryl-amide gel electrophoresis 1D gel with trypsin. The cleaved peptides were detected using a LC--MS/MS and analyzed by comparing the fragmentation patterns and their respective masses. The acquired liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) fragment spectra were searched in the BioWorksBrowser™ (version Rev 3.3.1 SP1; Thermo Fisher Scientific, Waltham, MA, USA) with the SEQUEST search engines against nonredundant Mus musculus database (August 20, 2008 version) at National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov/>). The consensus score (10.15) was used for selection criteria as that score was within 1% of false discovery rate from our simulation experiment.

ClueGO
------

Cytoscape (National Institute of General Medical Sciences, Bethesda, MD, USA) is a powerful software program used to visualize relationships between proteins or genetic interactions. The Cytoscape plugin, ClueGO (Cordeliers Research Center, Paris, France), allowed analysis of gene ontology and biological processes in concert with other interacting proteins. ClueGO was downloaded from <http://apps.cytoscape.org/apps/cluego>. ClueGO was accessed through the plugins menu. After starting ClueGO, a selection panel appeared on the left side of Cytoscape. ClueGO analyzed both single genes and comparisons of clusters, supporting several organisms with different identifier types. A simple text format enabled the import of external data. ClueGO used precompiled files, such as GO, KEGG, and BioCarta, to increase the speed of ClueGO analysis. Statistical tests were used to calculate the *P*-value and the significance of each group. Moreover, it was possible to regulate network types from detailed networks to global networks. The global network simplified the biological processes by adjusting the significance of particular genes. In contrast, the detailed network displayed very specific interacting processes. After starting functional analysis, ClueGO displayed the visualized network interactions, an information table for associated genes, a significance histogram of each group, as well as a chart overview of the functional groups.

Results
=======

Proteins from the protein corona of plasma and BH were identified and classified according to their affinity for ZnO NPs ([Table 1](#t1-ijn-9-217){ref-type="table"}). The number of plasma proteins within the criteria, above a score of 10.15, implied no significant difference irrespective of the ZnO's size or surface charge. A broader range of proteins from the BH tended to bind to the larger ZnO NPs rather than to the smaller ZnO NPs. Remarkably, more proteins from the BH bound to the ZnO NPs than did proteins from the plasma.

The degree of similarity was compared among the bound proteins to four types of ZnO NPs in plasma and BH ([Tables 2](#t2-ijn-9-217){ref-type="table"} and [3](#t3-ijn-9-217){ref-type="table"}). In the case of plasma, about 50% of proteins were bound to both ZnO^SM20(+)^ and ZnO^SM20(−)^. For the 100 nm ZnO NPs, approximately 45% of the proteins were bound to the differently charged particles. Twenty-six percent and 34% of proteins bound to ZnO^SM20(−)^ and ZnO^AE100(−)^, respectively. ZnO^SM20(+)^ and ZnO^AE100(+)^ had 42% and 38% of similarity, respectively. Unlike plasma, brain proteins exhibited different degrees of similarity in binding to differently charged 20 nm ZnO NPs, with 81% determined to have bound to ZnO^SM20(+)^ and 47% determined to have bound to ZnO^SM20(−)^, respectively. On the other hand, 100 nm ZnO NPs shared approximately 70% fractions of brain protein between both ZnO^AE100(−)^ and ZnO^AE100(+)^. According to size dependency of NPs, 52% of proteins were bound to ZnO^SM20(−)^, whereas 45% of proteins were bound to ZnO^AE100(−)^. The commonly bound proteins to both ZnO^SM20(+)^ and ZnO^AE100(+)^ from brain homogenates were about 45%. Interestingly, the similarity ratio between the two sizes was less than that between the different surface charges, indicating that the type of protein adsorbed to NPs may be more dependent on size than on surface charge. However, we cannot rule out that various proteins may have different adsorption to different types of NPs. These discordances of bound proteins could perturb various biological activities and processes.

Proteins within criteria for each respective ZnO NPs in [Table 1](#t1-ijn-9-217){ref-type="table"} were further analyzed with one of Cytoscape plugins, ClueGO, which provided gene ontology and biological processes of the above proteins. Each biological process was symbolized with a circular dot, a representative processed datum (related to the number of proteins bound to a specific type of NP, written in large characters). Bound proteins from plasma with ZnO^SM20(+)^ seemed to associate with regulation of response to external stimulus, lipoprotein particle clearance, platelet activation, and wound healing ([Figure 1A](#f1-ijn-9-217){ref-type="fig"}). Plasma proteins from lipoprotein particle clearance, complement activation, and wound healing were found from the adsorbed protein corona on ZnO^SM20(−)^ ([Figure 1B](#f1-ijn-9-217){ref-type="fig"}). Commonly, plasma proteins in complement activation and wound healing were found in 100 nm protein corona of ZnO NPs ([Figure 2A and B](#f2-ijn-9-217){ref-type="fig"}).

In the case of proteins from BH, proteins bound with ZnO^SM20(+)^ were related to adenosine diphosphate biosynthetic process, regulation of actin polymerization or depolymerization, and complement activation ([Figure 1C](#f1-ijn-9-217){ref-type="fig"}). ZnO^SM20(−)^ was determined to associate with proteins involved in proton transport, the nicotinamide metabolic process, regulation of actin polymerization or depolymerization, the glucose catabolic process, and neurotransmitter secretion ([Figure 1D](#f1-ijn-9-217){ref-type="fig"}). For ZnO^AE100(+)^, proteins involved in the purine ribonucleoside triphosphate metabolic process, the nucleoside diphosphate metabolic process, regulation of axon diameter, the glutamate metabolic process, the nicotinamide metabolic process, and myofibril assembly were found on the surface of NPs ([Figure 2C](#f2-ijn-9-217){ref-type="fig"}). The bound proteins to ZnO^AE100(−)^ revealed their associations in regulation of axonogenesis, acidic amino acid transport, proton transport, the nucleoside diphosphate metabolic process, the glutamate metabolic process, the glucose metabolic process, and the glucose catabolic process ([Figure 2D](#f2-ijn-9-217){ref-type="fig"}).

Discussion
==========

In a biological fluidic environment, such as plasma and cerebral spinal fluid, NPs may form complexes with various proteins, leading to a protein corona, which could transport or carry NPs to various organs and clearances. During the processes, NPs could interfere or perturb the original biological activity of the absorbed protein on the surface of the particles. Probing interactions between NPs and proteins from plasma in the protein's corona may help in understanding potential ramifications of NPs in various fluidic and biological environments, in addition to potential consequences due to changes in NPs physicochemical properties. Commonly, various NPs have the potential to bind with albumin, lipoprotein, acute-phase protein, immunoglobulin, and the proteins associated with complement pathways and coagulation in the human plasma. Meanwhile, other proteins could specifically bind to NPs according to their properties, including size, surface charge, and shape.[@b24-ijn-9-217],[@b25-ijn-9-217] Additionally, when ZnO NPs are dissolved in the blood, a high concentration of ionic zinc could be generated. Hence, an in vitro test was conducted to differentiate the effects between ionic zinc and NPs. Although exposure to ZnO NPs induced apoptosis, the exposure of zinc chloride did not exhibited cytotoxic effect against U373MG cells. These results suggested that ionic zinc may not induce toxic effects in the blood (Jung-Eun Kim, personal communication, 2014).

From the current study, ZnO NPs mainly interacted with lipoprotein, acute-phase protein, and proteins in coagulation and complement pathways. Interestingly, ZnO NPs did not bind to albumin or immunoglobulin in the plasma, even though albumin or immunoglobulin depletions were not performed. It might seem that, since the compositions in the protein coronas could continuously exchange, ZnO NPs might have low affinity towards albumin or immunoglobulin, despite the high concentrations of albumin and immunoglobulin in plasma. As a result, albumin or immunoglobulin might have been easily replaced by other proteins with higher affinity, such as lipoprotein. On the other hand, lipoprotein, acute-phase protein, and proteins in coagulation and complement pathways seemed to bind strongly with all types of ZnO NPs in the plasma, and silica oxide NPs (Kyu Hwan Shim, personal communication, 2014). Through the interactions between ZnO NPs and protein coronas, mechanisms of potential toxicity to clinical pathology could be speculated through the aforementioned biological processes in plasma as indicated in [Figure 2A](#f2-ijn-9-217){ref-type="fig"}.

As mentioned before, NPs induced altered responses by disrupting protein conformation. ZnO NPs mainly bound to apolipoprotein, fibrinogen, and coagulation and inflammation factors in plasma, and to tubulin, heat shock protein, and ATP synthase in BH as indicated in [Figure 2B](#f2-ijn-9-217){ref-type="fig"}. Thus, we focused on each protein to access possible toxic pathways after the adsorption on the NPs' surface. Apolipoprotein is the major component of lipoprotein and serves as enzyme cofactors, lipid transport, and in the regulation of lipid uptake in tissues. Some studies announced that apolipoprotein could be easily adsorbed to NPs through hydrophobic surfaces because of the flexible hinge region of the protein.[@b26-ijn-9-217],[@b27-ijn-9-217] Interestingly, apolipoprotein E was reported to interact with NPs, and it may play as a mediator of the NPs transportation across the BBB.[@b28-ijn-9-217] The reports on apolipoprotein E supported that apolipoprotein might be an important protein in determining biological processes of the particles. Furthermore, fibrinogen is a plasma glycoprotein involved in coagulation, and is also one of the major proteins that binds with ZnO NPs. Not only does it play a role in blood coagulation, but also in the promotion of attachment for immune cells, such as macrophages, monocytes, and neutrophils, via binding to foreign surfaces. For example, the acute phase of the inflammatory response appeared to increase fibrinogen concentration.[@b29-ijn-9-217] Fibrinogen specifically bound to the alpha-subunit of CK11/CD18 to activate neutrophils, it delayed apoptosis, and it enhanced phagocytosis and antibody-dependent cellular cytotoxicity.[@b30-ijn-9-217] Fibrinogen and complement proteins were also in abundance on the surface of ZnO NPs in our results, such as previous studies. Previously, complement proteins bound to carbon nanotubes induced complement activation through both classical and alternative pathways.[@b31-ijn-9-217] In vivo study with ZnO through oral or tail vein administrations did not perturb the prothrombin time or activated partial thromboplastin time (Yu-Ri Kim, personal communication, 2014). Direct initiation of coagulation from contact activation by ZnO NPs will be studied in the near future by probing the prothrombin time and activated partial thromboplastin time in vitro with higher concentrations of ZnO. On the other hand, after administration of ZnO NPs for 90 days, hematological and blood biochemical changes were observed (Yu-Ri Kim, personal communication, 2014). These changes might be induced by the interactions between proteins and NPs.

In case of bound proteins from brain on ZnO NPs, tubulin, heat shock protein, and adenosine triphosphate (ATP) synthase were major adsorbed proteins on all types of ZnO NPs. In previous studies, it has been suggested that the relationship between mitochondria dysfunction and reactive oxygen species production could be the main pathway in causing nanotoxic effects in various cell lines via mitochondria dysfunction, linked with ATP production.[@b32-ijn-9-217]--[@b36-ijn-9-217] Based on these results, NPs might be capable of causing toxic effects induced by mitochondria dysfunction by interacting with proteins in ATP production, especially within electron transport, such as ATP synthase. In addition, NPs inside the vacuole or cell could induce cytotoxic effects through interactions with tubulin, such as disrupting cytoskeletons and causing cell death. Previously, fullerene was reported to cause cell death from cytoskeleton disruption and autophagic vacuole accumulation.[@b35-ijn-9-217] Regulation of actin polymerization or depolymerization was also involved with ZnO^SM20(−)^ and ZnO^SM20(+)^. Commonly, tubulin and heat shock protein were also found to bind tightly to all types of ZnO NPs. The full biological process in association with tubulin was not fully determined, and the number of proteins in this biological process was small. Heat shock protein was also found in the protein corona, which is involved in protein folding and unfolding. Nanotoxicity induced through heat shock proteins was not reported, but it was reported that NPs (copper, silver, or aluminum) enhanced whole body hyperthermia, inducing brain dysfunction depending on the physicochemical properties of the NPs.[@b15-ijn-9-217] The expression of heat shock protein during whole body hyperthermia might be changed, which could be involved in neurological disease.

The biological processes of protein coronas were visualized depending on the properties of NPs and the biological fluids. Complement activation, lipoprotein particle clearance, and wound healing were commonly associated with all types of ZnO NPs in the plasma. ZnO NPs seemed to have a similar biological activity, irrespective of size and surface charge. However, as the similarity of protein coronas was low, detailed mechanisms should be different for each type of particle. As mentioned above, interactions between ZnO NPs and proteins in complement activation (complement factor), wound healing (fibrinogen), and lipoprotein particle clearance (apolipoprotein) could generate new biological activity and might induce abnormal biological responses. Even weak interactions between protein and ZnO NPs may result in conformational and functional changes in a size-dependent manner.[@b37-ijn-9-217] These results support the theory that absorb bound proteins onto the surface of NPs may undergo conformational change, potentially developing reversible and irreversible configurations.

Conclusion
==========

In this study, ZnO NPs were found to interact diversely with plasma and brain proteins, and they could potentially lead to toxic effects in various tissues, suggesting potential pathogenic mechanisms of ZnO NPs in the blood and brain. Moreover, binding interactions between proteins and ZnO NPs, forming protein corona, might affect the physiological functions through conformational changes as well as through inhibitory or enhanced enzymatic activities.
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![Visualized biological processes associated with ZnO NPs binding proteins of plasma and BH.\
**Notes:** (**A**) plasma, 20 nm (+); (**B**) plasma, 20 nm (−); (**C**) BH, 20 nm (+); (**D**) BH, 20 nm (−).\
**Abbreviations:** (+), positive; (−), negative; BH, brain homogenate; CoA, coenzyme A; NPs, nanoparticles; ZnO, zinc oxide; RNA, ribonucleic acid.](ijn-9-217Fig1){#f1-ijn-9-217}

![Visualized biological processed associated with ZnO NPs binding proteins of plasma and BH.\
**Notes:** (**A**) plasma, 100 nm (+); (**B**) plasma, 100 nm (−); (**C**) BH, 100 nm (+); (**D**) BH, 100 nm (−).\
**Abbreviations:** (+), positive; (−), negative; BH, brain homogenate; NPs, nanoparticles; ZnO, zinc oxide; ADP, adenosine diphosphate; RNA, ribonucleic acid.](ijn-9-217Fig2){#f2-ijn-9-217}

###### 

The total number of bound proteins on the surface of ZnO, according to different ZnO NPs types by sizes and charges

  Diameter     Samples   Charge   Total proteins   Within criteria   Outside of criteria
  ------------ --------- -------- ---------------- ----------------- ---------------------
  20 nm        Plasma    \+       203              52                151
  −            253       58       195                                
  Brain        \+        249      172              77                
  homogenate   −         404      294              110               
  100 nm       Plasma    \+       211              58                153
  −            156       44       112                                
  Brain        \+        442      315              127               
  homogenate   −         450      339              111               

**Abbreviations:** NPs, nanoparticles; ZnO, zinc oxide.

###### 

The ratio of similarity of plasma protein coronas compared with different types of ZnO NPs

  Characteristics   Total proteins   Common proteins   Similarity (%)
  ----------------- ---------------- ----------------- ----------------
  Charge                                               
   ZnO^SM20(+)^     52               29                56
   ZnO^SM20(−)^     58                                 50
   ZnO^AE100(+)^    58               23                40
   ZnO^AE100(−)^    44                                 52
  Size                                                 
   ZnO^SM20(−)^     58               15                26
   ZnO^AE100(−)^    44                                 34
   ZnO^SM20(+)^     52               22                42
   ZnO^AE100(+)^    58                                 38

**Abbreviations:** NPs, nanoparticles; ZnO, zinc oxide.

###### 

The ratio of similarity of BH protein coronas compared with different types of ZnO NPs

                   Total proteins   Common proteins   Similarity (%)
  ---------------- ---------------- ----------------- ----------------
  Charge                                              
   ZnO^SM20(+)^    172              139               81
   ZnO^SM20(−)^    294                                47
   ZnO^AE100(+)^   315              236               75
   ZnO^AE100(−)^   339                                70
  Size                                                
   ZnO^SM20(−)^    294              152               52
   ZnO^AE100(−)^   339                                45
   ZnO^SM20(+)^    172              97                56
   ZnO^AE100(+)^   315                                31

**Abbreviations:** BH, brain homogenate; NPs, nanoparticles; ZnO, zinc oxide.
